Generally speaking, a symmetric molecular junction will result in a symmetric current-voltage ͑I-V͒ curve, while an asymmetric junction results in an asymmetric I-V curve. However, for a kind of asymmetric thiolalkane monolayer junctions Au-S͑CH 2 ͒ n CH 3 -Au, symmetric I-V curves are always obtained in the experimental measurements ͓see, for example, V. B. Engelkes et al., J. Am. Chem. Soc. 126, 14287 ͑2004͔͒. We perform first-principles based nonequilibrium Green's function investigations on the electron transport properties of the thiolalkane monolayer junction to explain the measured symmetric I-V characteristic in such kind of asymmetric contacts. The symmetric I-V behavior in the asymmetric monolayer junction can be interpreted from the rough electrode surface model, which reproduces the coarse surface of the top electrode in the experimental measurements. The Fano resonance is found in the transmission spectra, resulting from the localized states at the CH 3 -Au interface as can be identified from the analysis of the spatially resolved density of states.
I. INTRODUCTION
One of the main problems in molecular electronics is to understand the various transport properties revealed by different kinds of molecule-electrode contacts.
1,2 Generally speaking, a symmetric molecular junction will result in a symmetric current-voltage ͑I-V͒ curve, while an asymmetric junction results in an asymmetric I-V curve. For example, for the conjugated molecular junctions based on the oligo͑phe-nylene ethynylene͒ structure, 3,4 the symmetric molecule with thiolate linkage at both ends demonstrates a symmetric I-V curve, while the asymmetric molecules with only one thiolate linkage at the left show asymmetric I-V curves. The asymmetric I-V curves in these molecules result from the unequal voltage drops at the two molecule-electrode contacts. 5, 6 Moreover, asymmetric I-V behavior has been obtained in a symmetric anthracene molecular junction by carefully manipulating the separations between the molecule and the left and/or right electrodes. 7, 8 However, for a kind of asymmetric aliphatic molecule, monothiolate alkane S͑CH 2 ͒ n CH 3 , symmetric I-V curves are always obtained in the experimental measurements. [9] [10] [11] [12] [13] The reason for the observed symmetric current in this kind of asymmetric molecules is not clear yet.
2 It is thus required that theoretical investigations on the origin of the symmetric I-V characteristics in such kind of asymmetric thiolalkane molecules be made.
In the present work, we perform first-principles calculations on the electrical transport properties of the selfassembled monolayer ͑SAM͒ junction of thioloctane, Au-S͑CH 2 ͒ 7 CH 3 -Au, which is a typical structure of the asymmetric thiolalkane molecular contacts. We find that the measured symmetric current is the weighted summation of the contribution from all the molecules in the electrodemonolayer-electrode junction. Each thioloctane molecule contributes an asymmetric current, but the weighted summation is a symmetric one. Another finding is the Fano resonance 14 in the transmission spectra, which comes from the quantum interference between the surface states and the molecular orbitals. The paper is organized as follows. In the next section, we give a brief description of the simulation model and the calculation method. The rough electrode surface model, as shown in Fig. 1͑a͒ , is introduced to simulate the top electrode of the monolayer junction. Section III shows the results and discussions. The symmetric I-V behavior of the asymmetric thioloctane monolayer junction is explained from the rough electrode surface model. The Fano resonance in the CH 3 -Au interface is illustrated through the analysis of the spatially resolved density of states ͑DOS͒. A brief summary is given in Sec. IV.
II. SIMULATION MODEL AND CALCULATION METHOD
Nanoscopic tunnel junctions of thiolalkane SAMs are usually formed by contacting a conductive probe atomic force microscopy ͑CP-AFM͒ to SAMs on a metal substrate 9 FIG. 1. ͑Color online͒ The simulation model of the Au-S͑CH 2 ͒ 7 CH 3 -Au monolayer junction: ͑a͒ The rough electrode surface model. ͑b͒ The smooth part of the top electrode is modeled by an ideal Au͑111͒-3 ϫ 3 surface, and ͑c͒ the rough segment is simulated by an Au͑111͒-3 ϫ 3 surface with an island ͑see the right electrode͒.
or by forming the top electrode through the thermal evaporating method in the nonopore experiment. 11 The area of these molecular junctions in experiments are usually 50-200 nm in diameter which contain several thousands of molecules, and the surface of one electrode ͑the conducting probe in the CP-AFM experiments or the evaporated top electrode in the nanopore experiments͒ is quite rough. 15 Thus, we introduce a rough electrode surface model as shown in Fig. 1͑a͒ to calculate the transport properties of the Au-S͑CH 2 ͒ 7 CH 3 -Au monolayer junction. The smooth part of the top electrode surface is modeled by an ideal Au͑111͒-3 ϫ 3 surface as displayed in Fig. 1͑b͒ , and the rough segment is simulated by a Au͑111͒-3 ϫ 3 surface with an Au-atom island ͓see the right electrode of Fig. 1͑c͔͒ . We note that the "stretched" geometry of the molecule instead of a "tilted" one is adopted in the calculation, since the effect of intermolecular coupling and molecule tilting on the charge transport characteristics is negligible in this device. 16 Our theoretical calculations were performed with the program ATK, 17 in which the density functional theory is combined with Keldysh nonequilibrium Green's function ͑NEGF͒ method to calculate the electronic and transport properties of nanoscale systems. In the calculation, the local density approximation in the form of the Perdew and Zunger 18 exchange-correlation functional is used. Only valence electrons are self-consistently calculated in the calculation, and the atomic cores are described by standard norm conserving pseudopotential. 19 The valence wave functions are expanded by localized numerical ͑pseudo͒atom orbitals, 20 with the single zeta plus polarization basis set for Au atoms and the double zeta plus polarization basis set for atoms of the thioloctane molecule. The k-point sampling is 2, 2, and 25 in the x, y, and z directions ͑z direction is the transport direction͒, which is enough to give the converged results. Before calculating the electron transport properties, we first carry out structural relaxation of the molecule being sandwiched between the two gold electrodes until the maximum ionic forces are smaller than 0.05 eV/ Å.
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III. RESULTS AND DISCUSSIONS
Figure 2 shows the current-voltage characteristics of the S͑CH 2 ͒ 7 CH 3 molecule with the ideal surface or the rough surface and the weighted summations of the two parts of currents. The single asymmetric thioloctane molecule always exhibits asymmetric I-V behavior as seen in Figs. 2͑a͒ and 2͑b͒, no matter whether it connects to the ideal surface or the rough surface. The difference is that when the molecule contacts with the ideal surface, the current is bigger for the positive bias voltage than that for the negative one, while, when it contacts with the rough surface, the current is smaller for the positive bias. Thereby, the total current of the monolayer junction, i.e., the weighted summation of the current being contributed from the two parts, could be a symmetric one. Figure 2͑c͒ exhibits the weighted summation of the current when the ideal surface and the rough surface contribute equally to the current. If we change the ratio of the ideal surface and the rough surface to 0.4:0.6, i.e., the area of the smooth part of the top electrode being 2 / 3 times that of rough part, the monolayer-electrode junction gives a symmetric I-V curve. Therefore, the symmetric current measured in the experiments [9] [10] [11] [12] [13] can be illustrated by the weighted summation of these two parts of currents passing through the rough electrode surface.
The current I͑V͒ is determined by the transmission coefficient T͑E , V͒, which is a function of the energy E and bias voltage V, through the Landauer-Büttiker formula 22 I͑V͒ = ͑2e / h͒͐T͑E , V͓͒f l ͑E͒ − f r ͑E͔͒dE, where f l/r is the Fermi distribution function of the left/right electrodes. To understand the reason of these two surface structures resulting in different types of asymmetric I-V curve, in the following, we analyze the transmission spectra ͑T͒ at equilibrium and the evolution of T under bias voltages through the spatially resolved DOS. Figure 3͑a͒ shows the transmission coefficient of the thioloctane-ideal-surface junction. The transmission coeffi- 
A. Fano resonance
cient is very small near the Fermi energy, in the order of 10 −4 , since the energetic position of saturated molecular core levels is located far from the Fermi level. 16 There are three transmission peaks at about −0.8, −0.2, and 1.1 eV in the transmission spectra. The resonance peak at −0.194 eV is very sharp, which is a Fano resonance as can be identified from its sharp and antisymmetric line shape [23] [24] [25] [26] ͓the inset of Fig. 3͑a͒ clearly displays that the resonance is antisymmetric with respect to its center͔.
The Fano resonance 14 is a consequence of interference between a localized state and a continuum that results in an antisymmetric line shape of the resonance created by this localized state. Initially, the Fano effect was discovered in atomic physics. Owing to the progress in fabrications of nanodevices, the system sizes become comparable with the coherence length and hence the Fano resonance has also been observed in the transport through mesoscopic systems, such as carbon nanotubes. 24, 25, 27 Very recently, Fano resonance has been found in molecular scale devices, both theoretically 28, 29 and experimentally. 30 To find the localized state that results in the Fano resonance, we plot the spatially resolved DOS, which is defined by n͑E , r ជ͒ = ͚ ␣ ͉ ␣ ͑r ជ͉͒ 2 ␦͑E − ␣ ͒, where ␣ ͑r ជ͒ is an eigenstate with eigenenergy ␣ . Figure 3͑b͒ displays the spatially resolved DOS corresponding to the Fano resonance at E = −0.194 eV, which is localized at the right moleculeelectrode interface ͑CH 3 -Au interface͒. Therefore, the Fano resonance comes from the interference between the localized state at the CH 3 -Au interface and the molecular orbitals. The other two wider transmission peaks correspond to the spatially resolved DOS mainly localized at the left moleculeelectrode interface, i.e., the Au-S interface ͑as can be seen from the spatially resolved DOS at E = −0.8 and 1.1 eV, the figure is not shown͒. These two peaks at −0.8 and 1.1 eV are much wider due to that the sulfur atom forms strong covalent bonds with the gold surface. 31 Figure 4 shows the Fano resonance with different interelectrode distances of d1 = 15.4, d2 = 14.9, and d3 = 14.4 Å, respectively. When the interelectrode distance reduces, the thioloctane molecule bends a little after relaxation and the Fano resonance broadens considerably due to the increased interaction between molecule and electrode. All of these Fano resonances with different interelectrode distances come from the localized states in the CH 3 -Au interface, similar to that in Fig. 3͑b͒ . Figure 5͑a͒ displays the transmission coefficient of the thioloctane molecule contacting the rough surface. The Fano resonance does not appear near the Fermi level but emerges at a much lower energy, −1.9 eV, which is shown clearly in the inset of Fig. 5͑a͒. Figure 5͑b͒ exhibits the localized state that results in the Fano resonance at −1.9 eV, which is also localized at the right interface of the molecule-electrode junction ͑the CH 3 -Au interface͒, the same as that of the molecule contacting with the ideal surface electrode, as shown in Fig. 3͑b͒ .
The difference between the transmission spectra of the molecule sandwiched between ideal Au͑111͒ surfaces and that of the molecule in rough surface can be explained from the DOS of the two different surfaces. It is well known that for the ͑111͒ surfaces of noble metal such as Cu, Ag, and Au, there exist surface states located in the projected sp-band gaps just below the Fermi level.
32 Figure 6 displays the surface states of the ideal surface and that of the rough surface with an island, which show that there exists a sharp peak in the DOS of the ideal surface, which comes from the surface state of intrinsic Au͑111͒ surface, while the peak disappears for the surface with an island. It is the surface state of the ideal gold surface that results in the Fano resonance in the transmission as exhibited in Fig. 3͑a͒ . The sharp peak disappears for the DOS of the gold island and then the DOS just below the Fermi level is very small, and this results in the dip of the transmission as shown in Fig. 5͑a͒ .
B. Symmetric I-V curves
In the above, we have analyzed the transmission spectra through the DOS analysis. In the following, we discuss why the ideal and the rough surfaces result in different types of asymmetric I-V curves. Figure 7 shows the transmission spectra of the molecule contacting with the ideal and the rough gold surfaces. The two transmission peaks labeled by "R" indicate that they result from the spatially resolved DOS localized at the right molecule-electrode interface. This means that the evolution of these two transmission peaks under bias voltages will be mainly determined by the shift of the electrochemical potential in the right electrode. With a positive bias voltage applied to the left electrode, the electrochemical potential of the right electrode is shifted up in energy, 33, 34 and hence the spatially resolved DOS localized at the right molecule-electrode interface will be shifted up. Therefore, the energy positions of the two transmission peaks labeled by "R" will be shifted up by a positive bias and vice versa, and the energy position of the two transmission peaks will be shifted down with a negative bias voltage.
For the case of the molecule contacting with the ideal gold surface ͑corresponding to the solid line in Fig. 7͒ , the move of the transmission peak labeled by R ͑the Fano resonance͒ dominates the magnitude of the current since this resonance peak is closest to the Fermi level. With a positive bias, the upshift of the Fano resonance means that it goes near the Fermi level, and then the transmission near the Fermi energy will become larger and hence results in a bigger electrical current. However, a negative bias shifts the Fano resonance away from the Fermi level and hence leads to a smaller current. Hereby, the current is bigger for the positive bias than that for the negative one, as presented in Fig. 2͑a͒ .
For the case of the molecule contacting with the rough surface ͑the dashed line in Fig. 7͒ , the transmission peak labeled by R dominates the magnitude of the current since it is the highest peak near the Fermi level. With a positive bias, the upshift of the transmission peak means that it is away from the Fermi level and hence results in a smaller electrical current, while a negative bias shifts the transmission peak toward the Fermi level and hence leads to a bigger current. Correspondingly, the current is smaller for the positive bias than that for the negative one, as shown in Fig. 2͑b͒ .
IV. CONCLUSION
In conclusion, we have investigated the electrical transport properties of a typical thiolalkane monolayer junction by first-principles based NEGF calculations. The symmetric current measured in the experiments for this kind of asymmetric monolayer junction is explained by the rough electrode surface model, which reproduces the coarse surface of the top electrode in the experimental measurements. The Fano resonance in the transmission spectra comes from the localized state at the CH 3 -Au interface being identified from the spatially resolved DOS analysis.
